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.\ BSTRACT
\Ve briefly rtview the development of theoretical mod-
els for the calculation of fission barriers and half-lives.
\Ve focus on how results of actual calculations in a uni-
fied macroscopic-microscopic approach provide an inter-
pr~tation of the mechanisms behind some of the large
number of phenomena observed in fission. AS instructive
examples we choose st~dies of the rapidly varying fission

properties of elements at the end of the periodic system.

INTRODUCTION
1 he history of fission is often that of an unexpected

experimental discovery followed by theoretical interpre
tations, in 1W Fermi bombarded uranium with neu-

trons and and erroneously concluded that transuranium
c!ements had been produced. Noddack 1 correctly sug-
gested that fission had been observed, but the credit for

discovering fission goes to Hahn and Straflmann, who in
1W repeated Fermi’s experiments and clearly identifid
barium in the rt~actim products, Soon afterwards \leit-

tlw and I:risch J interpreted this reaction M a brt=akup
o{ the uranium nucleus Inio two smaller fragments, re

sillting from the Coulomb repulsion overcoming the sta.
t,ilizing influence of the surface tension, This analogy
with a charged liquid drop waa also di~cussed by others

and develupml into a more complete theory by Bohr and
\Vh(wler, J

“rhe first 25 yrars of fission theory, which are very much
the hist:)ry of the liquid-drop model, are being reviewed

in other contributions at thirr conference. Although tbe

liquid-drop model accounts for many fe~tura of the fis-

sion process It leaves others unexplained, for instance the

n]ass asymmetry and the variation of half-lives in actinide

fission. The l~t 25 years of fission theory have seen how
the liquid-drop picture tsaa been modified to account for

Inany of these phenomena. Atso some of these devPlow

Inents are being rwiewed at this conference,

‘f’h? hig leap forward in our understanding of thefis9ion
process o(cllrrerl in the mid I!)6tJ’s, whmt the ctfr( ts of

tfli( rut(oplc fiuclear $trllctuie oil the Gssiuu pru{:ess cillnc

IL’. J. Swiatecki
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into focus. However, preliminary steps in this direction
were taken earlier. Just as irregularities iu nuclear masses

could be understood in terms of the extra stability associ-

ated with magic numbers, it waa realized by Swiatecki 4
in 1955 that it WM possible to account for the varia-
tion in actinide fission half-lives by addiag a shell correc-
tion to the fission-barrier ground-state minimum given
by the liquid-drop model, This shell correction was cal-
culated aa the difference between the mass calculated in
the liquid-drop model and the experimental mass. At
the same time, the increased stability towards fission of
odd nuclei WM explained “o in terms of a specialization
energy due to the conservation of spin of the odd par.
title during the barrier penetration process. These two
developments showed that shell effects could be impor-
tant both at the nuclear ground state and at Iargcr de-
formations corresponding to saddle-point shapes. Later,

Johansscm 7 tried to estimate shell effects from calculated
single-particle levels in a deformed potential well.

IIowever, it WM work by Strutinsky, 8’9 stimulated by

the earlier discovery of fi.ssiou-isomeric states, thiit led
to a well-defined method for calculating the 9hell cor-

rection, [u :he years 1966-1973 this method resulted in
an enormous theoretical activity in the stu(ly of fission

properties. Dawxf on calculated potential-energy sur-
faces, fission isomeric states 8 and the mrwhanisln (J( mass.

asymmetric fission 10 were ●xplained and fissiotl Iiillf. Iivrs

were determined, II,IZ $ ,W(llation on the existru{’e of a‘1
Iuperheavy island near Z = 114 was more quautitativ~’ly

investigated in several extwrsive calcl]latiunsl 1‘-13

: 10 f)ELS
‘ro ,Ietermine fission-barrier heights, the pl)twltlal rt]

rrgy 1)/ a nuclelly is ralrlllated for a prrwrl})ml w’t I)f

*tlaf. ses. [n the slmplswt c~~e the shapes may I)(* , har,w.
torlzm] in tmms of one shape coordinate. ‘1’hv [l~lll’IIt Ial

PIII-rgy (lispl~vd in terms of this cuor{iillatf* is I.llv /i.lltJfl

hdrn~r, lifsLn half-livm are givrn Ijy 1111*1)1’llt,(l,il~llily
IIlrollgh thi$ ol~e.(littleilsiotlal” harrlrr

[II lhr ttlore gwwritl ciue, lhe ctlf’rgy IS I AI(IIllitt IIl ItI



tt’rms of wtwr,il sh(i[wc~)or{linatt.s, (or (’K(3111[)IPt’lo[l<hl-
[1011. nc,ck r:i(]ius anti IIILk+S;isymmetry Prrc isely h(uv
thtjse variables should he (it,tintd is a (Iifficu]t and inl-
portant pmhlem. In the multi-dimensional case a fission
barrier is no: it tvell. tlt+lnetf concept. Fisslorr half-lives
+ht,ul[i, in princ]pte. br ciilculate(i hy consi{ierlng the pen-
t’tr.~t]t~n of the r:l~jlt t-tli[l lt, r;slul).~1 [)~)tc,l]tial-e[lt>rgy sl]r-
f{a{-t’in iU[lW lIlOdt’1. [’his genera] case is (,xtrenwly {’ulrl-
plicate(i and has [lever been treated e~actiy.

The usual appruach is to [Iisplay two-dimensional sub-

sp~lces of the Multi-ciimensiunal potent lal-energy calcula-

[ions as putrntlul-energy surfacr.s in terms of two shape
coordinates, One cuordirrate is usllal]y chosen to be re-
Iatml to el(’rigatlun, the other to mass asymmetry or t~

[icck size. In the rllulti.~ii[llt’usional case a fission barrier
is usually (it’fined as the energy along a one-(iimensionai
path through tht’ mininia and satidle points in the multi-
(Iinlt’nsional space. Since there are an Infinite number uf
paths that pass through the maxima and minima only the

vxtrt’nrum puint$ of the barrier are well. definfwi. Some
(calculations of tission half lives corrsi~ier the penetrabil-
ity along ail pussible paths between the ground state and
~cission Ihe p,ith with the maximum penetrability cor-
rrspun(ls t.u the path actllally taken by the nucleus, In
su~.h a t reatllwrlt the path need not pass throllgh the
rtlinima and saddle points uf the potential energy,

[’wo tiit?ment grweral l’las.~es of Inwiels ,kre used to ral-
(lllate t he t]uclear potential energy of ~iefurrnat ion. The

inore flin!ian]t’ntal rno[iels are the self- cunsisteut ones,
for il]stance the Iiartree Fuck approximatiurr with an ef-
f(,(t ive twot)w{y irltvract]on. II{whuse of ttwir cunlpu.
tat IUIIA[(.urIll)l(,xity, th~.lr flill impact h,u yet to he r(’id.

Itmi, Jlost roslll!s arf~ohtmne(] by’ IIw of the mi\crOSrwpiC.
[Ili(ros(t)l)i( IItt’tho(l III [his i~ppruach the enrrgy is glve[l
t)y

l.’l,,,,( sll(ipr) = F.’,r,Mr(\hape) + Emrr(shape) (1)

— Yukawa-ph.ls.explen[id
,---- mow‘.,’ ‘, ---- Liquuidm+ model
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ligllre ~: ~,l]~.ll]:~ted fission- barrier heights ccmrpare(j to

experimental data. For actinide nuclei the second peak
it) the harrier is the one studied.

region were only about 35 31e\~ high. Thig discrepancy
c~)llld !it)t be removed by any reasonable readjustment of
the Ii{iuid. drop mode] parameters.

[he proximity-force model ‘o was a first step in ac.

rounting for the reduction in surface tension due to the

lil)ite range of the nuclear force for heavy ions close to
the tuuch]ng configuration. Later, a more general model
(hat can be applied to arbitrary nuclear shapea was de

vel{)pwi. [II t his approach the surface energy is calculated
I)yr,warrs of a ,Ioubie volume integral of a Yukawa. pills-
(,xpollelltiid furlction over the nuclear vol~lrne. 19

[l) fig. 1 we show fission-barrier heights for nuclei on
the Iil]e of ii-+tabllity calculated in a liquid-drop model

i~nd in the }’llkawa. ~)l~ls.exponet~tid model. III the ac.
tilii,le r,~gi[~li the two models give very similar results,
I,llt in the rvgim ,4 s 1O(Jthe dltference is more than IS
\f,*L’, 11](* }’ilhiiwa. ~)ltis.e~oonentid model agrees WPll

WII h oxl]vritn(int In this region, whereas it is uot possi.

t)le to t)riug the Iitluld,lrop model into agr~ment with

II,ita rvrn with Illlrealistic {hoices of the model parame-

tvrq [’his IS A rrtlection of the fact that the ml~le.point

~h;ipiw in the rt’gion ,,1 s 100 correspond to shapes with

prot)ou]l(txl” nmks. \[oIlels Irr which the surface energy is

SIIIII)IY I)rup(]rtwnal to the ~urface area of the deform~d

lr~lclmls, <Ilch M the Iiql]ld. drop model, sev~rely ovtwwti-

IIIat P the sllrf,acr wwrgy for ~uch qhapes,

,\lthough ttlc rtlo~t colntnunly used ~inglc. partl[le p(p
l!ttI!.l,llS ,\l[ ~1$’e\llllllAr r(Y+Ult$ in Wll)e al)pll(’’ltlor]~, th(g

flllll?’(l} ’llkiiWA \ing!P. particle imtt*tlti~l hiur a r]llrrlbvf (Jf

(Ilx[ltt{t atl~antagrs, i{vlative to .)t{lllatort!lo~l~l ptJtt*ll-

L 0.50 I I I $ 1
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Figure 2: Nuclear shapes corresponding to p(,tential-

energv surfaces. Th~ end parts of the shape are kept
s[~herical. The upper boundary corrtwponds approxl

mately to spheroicis and the lower boundary to two ov~~r-
Iapping spheles for r ~ 1.59 and to scissiorr contigura.
tions for r z 1.459.

tials, its spin-orbit and diffuseness parameters vary slowly
and predictably over the periol!ic system. Relative to the
\Voods-Saxon model the description of the potential grm-
eralizes more naturally to deformed shapes and to sep.
arated fragments. Both spherical and deformed ground-
state shap~ and shapes that occur later i:’ the fission

process can be generated with existing shap~ parameter-
ilations. For instance, the shape of two touch in% spheres,
which is crucial for the study of fission of heavy fermium

Isotopes, is precisely generated within the shape pi\riilli-

ett:rization.

FISSION BARRIERS AND flA1,f’. LIVkX
‘1.’oillustrate the level of unr.iersta[ldiilg of the Ii:,siun

procms that is achieved at prwwrrt in thef)rf’ticid ~tud

I(’S we discurrs 5ome results that have Iwtv) ol)t~itlwl
hy use of the [macroscopic- nticlosl’epic” nwthml, with
the }’(lkawa. plus-exponentird macrowopic mt)ti{’! an{] th~

Wed.}’ukawa single-particle model, “1’11{*f~wlls will 11~’
~lr] the very hmviest elements, for whi(h tlltt ral)itlly
cll,a[lgirlg fission properties preserit a chalh’rlgr to thv the.

t)rt~tical models, Uecause of lack of ~pii~~ WC haw to rl’for

to ~Jur fnurc extensive preeerltations ‘“~’ for a tli~we ~~~rtl

plt~te ~liscussion of I)IIr rrsults and thr rwlllts of 01tlrr
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Figure ~: Potential-e] ~ergy surface corresponding to
shape in fig. 3. The paths correspond, going downwards
i~ the figure, to ‘he old path, the switchback path, and
the new path. The stability of the shaded area with re-
spect to mass asymmetry is investigated below.

}’ukawa-plus-exponential model to ground-state masses
and fission barriers throughout the periodic system. rhe
rms deviation between calculated and experimental bar-
rier heights is 1.33 JleV for 28 fission barriers. Also bar-
riers in the region A a 100 de well -eprodt{ced.

Experimental results on the fission properties of ac-
tinide nuclei have, until recently, shown that many fis-

sion properties vary fairly smoothly from the beginning
of the actinide region towards the heaviest known nuclei.

However, results obtainefi over the last 10 to 1S years
‘$8Fm there are very rapidshow that for nuclei close to

fluctuations in fission half.lives, kinetic energies and mass
asymmetry, The history of these discoveries and details
of the experimental tfata are reviewt:d bv Hoffman and
hy l{ulet in otiler contributions to this conference. For

‘$8FIn the mass distribution is sharply symmetric, the

spontanmus-fission half-hfe is short (only 0.38 ma), and
the kinetic energy distribution has peaks at 200 and 2U5
\leV, Hulet et u1. ~’ interpreted the bimodal character

of the kineticwlergy distribution to show that for lseFm

thvre are two di!fcrmrt fission vaileys leading to two dis-

tinrtly dilferent scission configurations, one conventional
sciwion configuration of two fairly elongated shapes cor-
responding to the low kirietic-rnergy peak and one com-

pact scissl~n con!jguration of two touching sphrres cor.

responding to the high kinetic.energy peak,
‘rhe valley leading to the rompact scission configura-

tion uf two tf)ut”hin,g spheres becomes prominent ck~~e to
iWFrrl ~~~all$fi of t}le [argc nqptive shell corr~ti~n~ in

fragments close to ‘l~Sn, The shril correction of ‘ ‘lSn is
tA )ollt - l:] iieV, ‘I”hlis the configl.ratiou of two touchi!lg

1“St; r]l]{lel haa a stlv!l correction of –26 t!cV. ( ‘or).

Iig!lratif)ns (’lose to ({ouhly mtqic cunfigllrations ,Ue alxo
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0s

I I 1 1
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DMance between Mass Centers r (Umts of R)

Figure 5: Potential-energy surface for which access to the

new valley is blocked by a ridge.

expected to have substantial shell corrections. The con-
figuration of two touching lwSn nuclei, corresponding to
symmetric fission of ‘s8Fm, has a sheil correction of - 1S
>feV,

As the first step in our study of the possibility of multi-
ple valleys in the potential-energy surface we select a set
of shapes for which to calculate the potential energy. Our
choice is shown in fig. 3, This choice includes ground-
state shapes in the lower left corner, shapes leading to
t’longated scission configurations in the upper right cor-

ner, and shapes corresponding to compact scission con-
figurations in the lower right part of the figure, [n the
caption to this figure and throughout this paper we use
units in which the spherical radius & = 1,

The result of the calculation is seen in fig, 4 Some
structures seen in this potential-el~ergy surfacr are: a

ground state at r = 0,86 with potential energy E = -4
\feV, a first saddle at P = 1.0 with E = I XleV, and a

second minimum at r = 1,3 and a = 0.70 t’ith E slightly
below -2,0 hfeV. The dot.d~~hed line leads along the

conventional old path into a valley that ends at an r!on-
gated scission co~figuration. The short-dashed line Ids
ovrr a saddle that corresponds to shapes cl~)sc to two

tuuching spherea and into a new fission valley,
Spi)t~tat~m~ls.fission half-lives are extremely svr~sitlve

to small chang~ iu the barrier energies. The fact that
both low and high kinetic-energy fission are ohscrvtvl ~i-

multaneously for several fissioning species shows that the
p(*netrability through the two barrrers Iri\(lil\g to thw!

two cor)figurations must be very similar ‘lhat two llm}
pl~tply dilrrwnt harriers have similar penvtrahllitiw IS

(Ixtrrmely unlikely, ‘rherefore, in ul:r illt(’r~)r{’t,~tlor~, t.})o

hranthing into the (Irlferent vplleys nrust t,lke III,UP At A

li~tr ~tage durinq the penetration prorvss. l:igllrt* I ~tlow~
Ihat a third long- d,~yhmi pmth hrarlthr~ ,jtf’ frolr~ 1110IIIIW

I)rtth At al)ollt r S 1 .~!q and C :: () ;(), ‘1’fll$ l~iitll, hlll~ h
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Figure 6: Potential energy minimized with respect to
the mass-asymmetry coordinate Crz. “rhe height of the
switchback saddle at r = 1,.1 and a = 0.75 is now about
the same as the outer saddle on the new path at r = 1.6
and u = 0,74,

we call the .9uIItc/r6ack path, leads back into the old valley

across a thild saddle at r = 1.5 and a = 0.825. The
barrier between the ground state and the new and old
valleys along the new and switchback paths differ only
along a small portion near the end part of the barrier.
“1’hus the barriers and the corresponding penetrabilities
are not much uifferent, which explains the mechanism
behind the simultaneous observa~ions of low and high
kinetic-energy fission.

‘~he new fission i’alley is most prominent close to
‘64Fm. In fig. .5 we show a potential-energy surface for
~$~(.’f. ffere access to the new valley is blocked by a high

ridge. The outer saddle on the old path is now the low-
est saddle. ffowever, microscopic effects on the inertia

have to be considered to determine whether the nucleus
follows the old or the switchback path into the old va!ley,

The dfect of mass-asymmetric distortions is not in-
cluded in fig. 4. \Vc have studied 11 this shape degree of
freedom at all three outer saddle points of the potential-
cnergy surface, but show here only the results for the
shaded region in fig, 4, for which we have performed

a full three-dimtmsmna] calculation, For each r and a
we have minimized the energy with respect to the mass-

asymmetry coordinate, ‘~he minimized energy is shown
as a fl]nction of r and c in lig, 6 and the corresponding
~hapes III I!g. 7, ‘[’he inclusion of rnriss-aaymrnetry leaves

the ~addle on the new path unaffected but lowers the
~addle on the switchbsck path by more than 2 $leV so

that the two mddle-puint heights are now approximat~!y

w~ual. The shapes remain clearly symmetric along the
ns?w path, hut mass asymmetry W?ts in and grows akng
the swltchl-mck path tljwards tf~e old va]]ey,

Sl)(~fltan&)lls.fi*si(jfl half Iiwv are related to an integral
ah)ng the fission path ]uvulv]r)g the pruduvt U( the li~siun -

l},~rrirr I Pigtlt and the il)vrtia associated with the In(}tlot,

t.h rwlgh (he barrwr, Since the half.llfe is an invfiriant,

ifldepen[!cnt of the f holce of ~hape ((wrdinatea, the irwr.

Nuclear shapes for ‘“Fm withQ.u2~
0.85 ~-r--r , 1 1 [ 1

m
CD
c)
G3o pclmccq

C.70
1.4 1.5 1.6 17

Distance between Mass Centers r (U,wts of ,+.)

Figure 7: !tuclear shapes corresponding to the p.~te~tial-
(,nergy surface in fig. C.

tla clearly depends on the choice of coordinate system. It
also depends on the internal structure of the system. A
large amount of internal reorganization, which occurs at
level crossings, raises the inertia. In the coordinate sys-
tem we choose, distance betweerr mass centers, the inertia
for separated fragments should be equal to the rer.iuce(i
mass. For shapes near the gro~nd state the inertia is ex-
pected to be considerably above the value corresponding
to irrotational flow. A consideration of these limits led
ref 15 to propose a .gen~. empirical model for the inertia,

In this model the inertia is

B -k(q~-p)+pF- (’2)

where k is an adjustable constani, U~.nis the irmtational
inertia and p the reduced mass of the separatmi frag-
ments. Figure 8 taken from ref.’s S!IOWSthe inertia in this
model and two curves obtained ill z microscopic cranking-
modei calculation, The short -d~hctf (static) curve rwr.
responds to a fission path that is selected M straight lines
between the minima and sadd]e pctirlts. ‘1’he solid (Iiy -
na,mic) curve corresponds to a path that rni~xirnizes the
penetrability.

There are strong microscopic effects in the crarlkirlg-
model calculations, Spolltan~u~. fi~sion half.l:fe ~’alCU-

!ations based UP, the t ranking rnmfcl and (In the wvm.
{~rnpir~cdi nltdel for the inertia agrre abmlt Wlllaily Wf!ll
wit,h experimental dAt!A. An explanation for the goo{l

results obtained in the smni. empirical approach if l)rol~-

ably that the int~gration of the product uf the rranking-
rnodel inertia and the barrier height along theIissit)n path
washes out the microscopic fluctuations, l’hc w’arch for A
path with maximum penetrability also tlecrc,wws the al II-

piitude of the fluctuations in th~ crn!lkiug lrm(lvl invrt Ia,

5
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Figure 8: ?Juclear inertia in microscopic, semi-empirical,
and hydrodyoamical models.

different 21 from the level spectrum along the old path.

Already slightly beyond the first saddle fig. 3 shows that
the fragments become developexi, which in the level dia-
gram corresponds to levels that change very little with de
formation beyond the first saddle. Therefore, the inertia
along the new path is expected to approach the reduced
mass much more rapidly than along the old path, This
is discussed in greater detail in ref. ‘a from which we take
fig. 9, where the semi-empirical inertias corresponding to
the old and new paths are displayed.

Calculated spontaneous-fission half-lives are digplayed

in fig. 10. The calculations are based on the semi-
empirical inertia displayed in fig. 9 and calc~lated
potential-energy surfaces similar to the one shown h
fig, 4, ~lass-~yrrr.rrletric shape degrees of freedom
were taken into account at the outer saddle points.
\k’hen a new path is present in the calculated surfams

spontaneous-fission half-lives have been calculated along
both the old and new paths, The shorter hsdf.life cor-
responds to the designation dominating path in fig. 10.
\Vhen the new path is preeeut it is alweys the dominating
path for the cases displayed in fig, 10.

‘~here are some large disagr~ments between the cal-
culated and cxperiment~ half.liv~, in particular close to

,V = 1,52, Since a change in the ground. etate energy by 1
ileV changes the calculated half-life by six orders of mag-

nitude, an error of 1 51eV in the calculated ground-state
~ner,qy at iv = 1S2 would explain the discrepancy, An-

other possible explanation is that fission proceeds along

the ~witchback path, but this h~ rmt been investigated

thmretically at this time.

‘[he configuration of two touching spheres i! leached
already at r = 1.59. For ‘58Fm the barrier along the
new path is not yet penetrated at this small r va’ue
ilecause At thi~ corl!iguration we are dealing with twc

~rrmrate nuclw it IS important that the shape dcper. -
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Figure 9: Semi-empirical inertia along the old and new
fission paths.

dences of the model used are s~ch that the same energy
is obtained whether the configuration is treated as one
highly deformed ‘wFm system or as two touching *2gSn
nuclei. Because earlier calculations seldom followed a sys-
tem through such radical shape changes that the system
evolved from a single system to two separated nuclei, the
usual formulations of the models have deficiencies in this
respect. Our results here have been obtained with models
chat have been extended 22 to include shape dependence

for the particularly important Wigner and AO terms.
The calculations of a Polish group ~e treat these terms

as independent of deformation, This leads to a deeper
new valley for ‘wFm in their calculation. In fact their re-
sults show that there is no second barrier for this nucleus.
In their view the mechanism behind the short half-life of
~58Fm is the rfi.sappeamrace of the second barrier.

In our view, the condition that the same energy be

obtained regardless of whether the system is treated u
a single, highly deformed one or * two touching spher-
ical nuclei haa to be fulfilled. With this condition met
we find that the mechanism behind the steep decrease of

half.lives of Fm isotopes beyond N = 152 is the rapid

deepening of the new valley floor with increasing N, cou
pled with a lower inertia in the new valley than in the
old valley.

The differences between the models have impor-

tant consequences for the predicted properties of very

neutron-rich element~. The calculations of the I’i)llsh
firoup ‘“m show increased stability aJI ~V = 162 is ap-
proached, whereaa we find that the stability in this rtsgion

is also alfected by the appearance of the new valley.

in our approach the new valley in the putrntial.wergy

~urface destabiliserl the heaviest rlernents. l:igurc 10

~hows that the calculated half-life along thp HOW [)ath

is abo(lt 10 orders of magnitude shurter than A1OIIKthe

old path for 4 z I(J!. ‘~he neutron nund)vr V = l{;’.! IS
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Figure 10: Calculated spontaneous-fission half-lives compared to experimental data.

associated with a gap in the calculated level spectrum for
deformed shapes. It haa been assumed that elements in
the vicinity of this neutron number are unusually st~.
ble, The recent discoveries 29’W of elements with pro-
ton number up to Z = 109 show that these elements
have a ground-state shell correction of about –6 XleV.
The theoretical predictions of a deformed neutron shell
at ,V = 16’2 have led to the expectation that the stabil-
ity would increaae as this neutron number is approached.
[iowever, we now see that the stability is not solely de-
termined by the groun&-state shell gap at N = 162. The

I1mre complete picture is that the fission properties are

.dfectecl by the balance betweea the stabilizing influence
of the ,V = 16’2 qround-state shell gap and the destabi-
lizing influence of the frugment N = 2 x $’2 = 164 shell

gap.

Pi\S’~ AND F[;TURE

The put has seen the models for the fission barrier
rvolve from a simple liquid-drop model, which was the

dornin,ltitlg model for the first 2S years, to a more corn.

pkx picture in which the calculation of shell effects adds a

rich structure to the potential-energy surface. Inst?ad of

interpreting fission in terms of a one-d irmensional barrier,
we IIOW interpret the fission process for 25nFm, for ex

ample, in !rrms of a rl]tllti(lirllensional potential-energy
,SUI(;JCC un which we have identified a large nunlbrr of

important features: a ground-state minimum separated
from a second minimum by a first barrier peak, a second
minimum beyond which two saddles lead to a conven-
tional and a new fission valley, and a switchback path
that leads from the new valley across a third outer sad-
d Ie back to the o!d, conventional Fission valley.

Twenty-five years ago Wilets3* said about the liquid-
drop model, “Despite its basic simplicity, it remains ba-
sically unexplored. ” Since then, finiterange effects have
been incorporated to generalize the description of the

surfac~energy. But other features, notably the JVigner

term and its shape dependence which have clfects on the
potential-energy surface of up to 10 YleV, rwnaiu poorly
understood. Studies of the new fission valley show that

it is crucial to achieve an improved understanding of the

origins of this term and its shape dependence in order

to reliably calculate the potential-energy surface in the

scission region.
The evolution of the shape of the nucleus along the

three paths on the potential-energy surface c(]rr(wpon~ls
to radically different rearrangement of internal strllc -

ture. This in turn Ieadn to large ditferenrcs in the inertia
along the several tissior~ paths. \lore ~ixtcrlsive ltlm,ret-

ical studies of microscopic effect?, 011 the inl’rtii~ Wolll(l

improve our llndmtanding
t ho Fm rl’gion,

‘rhe theoretical Morts to

7



balance the nucleus against disruption at t~e very end
of the peninsula of known nuclei would be greatly aided
by experiments that study nuclei with ,V z 160. The
future certainly h~lds a promise of a deeper understand-
ing of the properties of nuclei close to ~aFm. As our
understanding of this pool of instability evolves, it will
increase our ability to reach for what is beyond, be it
rocks or a super-heavy islaud. L’ndoubtedly, the future
will see exciting new discoveries in the waters beyond the
end of the peninsula of known elements.
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